We studied a natural infection of the oligochaete Branchiura sowerbyi Beddard, 1892 with the Raabeia-type actinosporean stage of Myxobolus lentisuturalis Dyková, Fiala et Nie, 2002 which infected goldfi sh Carassius auratus auratus (L.) in Italy, using molecular analysis of the SSU rRNA gene. The existence of intraoligochaete development shows that this parasite follows the lifecycle pattern described by Wolf and Markiw (1984) for Myxobolus cerebralis. Histological examinations of the goldfi sh infected by M. lentisuturalis showed at low magnifi cation the presence of two bilateral crescent-shaped masses in the dorsal epaxial muscle. These lesions were not circumscribed, presented irregular edges and infi ltrated the underlying bundles of skeletal muscle and interstitial tissue. At higher magnifi cation, disappearance of muscle fi bres and substitution of the muscle tissue with Myxobolus spores and plasmodia were observed.
Myxobolus lentisuturalis
was fi rst described by Dyková et al. (2002) as a highly pathogenic myxozoan infecting the muscles of Prussian carp, Carassius gibelio Bloch in China. Some aspects of its development within the fi sh host were studied by the above-mentioned authors but they provided no data on putative extrapiscine developmental stage.
Since the intraoligochaete developmental phase of Myxobolus cerebralis Hofer, 1903 was fi rst described by Wolf and Markiw (1984) , several other authors have supported the hypothesis that the development of other myxosporeans is also accomplished through oligochaete and fi sh alternate hosts. Thus far, complete developmental cycles have been described for 14 Myxobolus species (Table 1). Recent studies have shown that, besides oligochaetes, polychaetes (Bartholomew et al. 1997 , Køie et al. 2004 , 2008 and bryozoans (Longshaw et al. 1999 , Kent et al. 2000 can also serve as alternate hosts for fi sh myxozoans.
The alternate actinospore and myxospore life cycle stage of a given myxozoan species can be identifi ed by experimental infection studies in both fi sh and invertebrate hosts or by analysis of DNA sequences from both stages. Several authors recommend the inclusion of DNA sequences in the identifi cation of actinospores (El-Mansy Yokoyama et al. 1995 M. dispar Raabeia Molnár et al. 1999 , Holzer et al. 2004 , Hallett et al. 1999 , Negredo et al. 2003 , and SSU rRNA sequences have been used successfully for the confi rmation of heteroxenous life cycles in several studies (Andree et al. 1997 , Bartholomew et al. 1997 , Anderson et al. 1999 , Lin et al. 1999 , Køie et al. 2004 , 2008 , Atkinson et al. 2007 ). In Italy, goldfi sh Carassius auratus auratus (L.) farming has been a traditional activity since the end of the 1800's, with a current production of more than 25 million fi sh per year. Myxozoan parasites described in farmed goldfi sh in Italy include Sphaerospora renicola, S. molnari and Zschokkella sp. (Marcer et al. 2000) but, until now, no Myxobolus infection has been reported.
In this paper, we report a muscle infection caused by Myxobolus lentisuturalis in goldfi sh farmed in Italy. Morphological and molecular analyses of this species, as well as data on the histopathological damage in goldfi sh and on its extrapiscine development in the oligochaete, Branchiura sowerbyi Beddard, 1892, is provided.
MATERIALS AND METHODS
Fish. Twenty-eight goldfi sh (C. auratus auratus), displaying dorsolateral humps (2  1 cm), from a pond farm in the province of Bologna (Italy) underwent parasitological examination. The contents of the humps were collected with a sterile syringe and examined microscopically, both fresh and stained with MayGrünwald-Giemsa. The humps were excised and fi xed in 10% neutral buffered formalin along with the gills, gut and kidney. Tissue samples were embedded in paraffi n and the sections were stained with haematoxylin and eosin (H&E), Giemsa, Periodic Acid Schiff (PAS), Ziehl-Neelsen and Crossmonn's trichrome stain. Spore measurements were taken from the fresh material (n = 50) under the light microscope with the aid of a camera lucida, and are given in micrometres (μm) as the mean followed by the range and standard deviation (SD) in parentheses. Species description followed the criteria established by Lom and Arthur (1989) .
DNA extraction and PCR. Total spore DNA was extracted with a spin column purifi cation procedure (DNeasy Tissue Kit, Qiagen, Valencia, CA) following the manufacturer's protocol. The SSU rRNA gene was amplifi ed with the universal eukaryotic primer pair (forward 5'-AYCTGGTTGATYYTGCCAG-3' and reverse 5'-TGATCCATCTGCAGGTTCACCT-3') (Embley et al. 1992 ). The total volume of the PCR reaction was 50 μl, containing 10 PCR buffer (Invitrogen), 25 mM dNTPs (Invitrogen), 50 pmol/μl of each primer, 1.5 mM MgCl 2 and 1.25 U Taq DNA Polymerase (Invitrogen). A Tpersonal (Biometra) thermocycler was used for the amplifi cation. The reactions consisted of 35 cycles of 30 sec at 94 °C, 30 sec at 55 °C and 1.5 min at 72 °C, preceded by a denaturation step at 94 °C for 2 min and followed by an extended elongation step at 72 °C for 10 min. The PCR products were electrophoresed in 1% agarose gel (Sigma) and stained with Sybr Safe DNA Gel Stain 0.5 TBE (Molecular Probes, Invitrogen).
PCR products were cloned into the pCR 2.1 TOPO Cloning vector using the TOPO TA Cloning Kit (Invitrogen). Plasmid DNA was isolated from each clone using a Quantum Prep-Plasmid Miniprep Kit (BioRad) following the manufacturer's procedure. The presence of the insert of the expected size was confi rmed by restriction digestion analysis with the EcoRI enzyme. Ten positive clones were sequenced (PRIMM, Milano, Italy) in both directions using M13 Forward (-20) (5'-GTAAAACGACGGCCAG-3') and M13 Reverse (5'-CAG-GAAACAGCTATGAC-3') primers (Invitrogen) in an ABI 3730 DNA Analyzer. Sequence assembling was carried out using Vector NTI Advance TM 10 software (Invitrogen), and underwent a database search using BLAST (Altschul et al. 1990 ).
Oligochaetes. To defi ne the life cycle of this parasite and identify the possible alternate hosts, a survey of invertebrates at the goldfi sh farm was carried out. Mud samples were collected in mid-October both from the bottom of the pond and from the decantation tank, and transported to the laboratory. The oligochaetes were washed from the mud, sorted by size and placed in small aerated aquaria with dechlorinated tap water and sterile sand. They were kept at room temperature and fed with dried spirulina. The water covering the worms was fi ltered once a week through 20 μm mesh and the fi ltrate collected in a drop of water and examined for the presence of actinospores. Once spores were seen in the main sample of water, one-hundred oligochaetes were isolated and kept individually in the wells of cell-well plates according to Yokoyama et al. (1991) . Each well was examined for the presence of released actinospores every 3 d for two months, using an inverted microscope. Actinospores released were studied by microscopy and PCR, and the SSU rRNA products were cloned and sequenced as described above.
The oligochaetes releasing actinospores were fi xed in 10% neutral buffered formalin, embedded in paraffi n and stained with H&E and Giemsa.
The oligochaetes were identifi ed morphologically according to the key of Brinkhurst and Jamieson (1971) . Fig. 1 The mature spores collected from the goldfi sh were ellipsoidal with symmetrical shell valves, an indistinct sutural ridge, a conspicuous intercapsular process and the sporoplasm occupying the posterior half of the spore body. The average length of fresh spores was 10.5 (9.0-11.0  0.6), the width was 6.6 (6.0-7.0  0.4) and the thickness was 3.9 (3.0-5.0  0.8) (n = 50 from one host). Two equal anteriorly-tapered pyriform polar capsules were located at the anterior part of the spore. The anterior ends of the polar capsules were separated 1.5-2 from each other; polar fi laments were coiled 4-5 times. The average length of the polar capsule was 3.7 (3.0-4.5  0.4) and the width was 2.2 (2.0-3.0  0.3) (n = 100). Pseudocysts, composed of several plasmodia measuring up to 70 and fi lled with developing spores, were observed subcutaneously in the superfi cial lateral muscle. The spores were identifi ed as Myxobolus lentisuturalis on the basis of morphometry and morphology.
RESULTS

Morphology of myxospore
Morphology of actinospore Fig. 2 Actinospores were released from only one of the worm biotypes (18 subjects), later identifi ed as Branchiura Figs. 1-6 . Myxobolus lentisuturalis infection of the goldfi sh Carassius auratus auratus and of the oligochaete Branchiura sowerbyi. Fig. 1 . Myxospores, frontal view; phase contrast (scale bar = 6 μm). Fig. 2 . Raabeia-type actinospore; fresh mount (scale bar = 14 μm). Fig. 3 . Cross-section through the intestine of an infected B. sowerbyi. Pansporocysts in the intestinal epithelium. H&E, 250. sowerbyi, commencing 15 days post-collection from the farm and continuing for almost 60 days. The spore had a slightly elongated body and 3 relatively long, pointed and curved caudal processes without a style. The caudal processes were 196 (183-218  11) long, the spore body length was 22.1 (18.1-28.2  3.9) and the width was 10.8 (7.9-14.0  1.8). Three pyriform polar capsules situated at the top of spore body were 4.7 (3.8-5.0  0.7) in length and 2.9 (2.4-2.9  0.5) in width. The polar fi laments were coiled 3-4 times. The morphology and morphometry (n = 20 from one worm) of the actinospores collected are consistent with Raabeia type Janiszewska, 1955. Histological examination of the Raabeia-infected B. sowerbyi disclosed pansporocysts in the intestinal epithelium (Fig. 3) .
SSU rRNA analysis
The SSU rRNA from all 10 myxospore clones amplifi ed with the universal primers resulted in a 2090 bp fragment. The consensus sequence fragment analyzed by BLAST search gave 99.8% identity with M. lentisuturalis from China (AY119688 - Dyková et al. 2002) .
Eight out of the 10 actinospore clones sequenced showed 100% identity with M. lentisuturalis from Italy (AY278563.2) while 2 clones showed 99.7% identity with M. cultus (AB121146). Table 2 shows the percentage of identical base pairs of the approximately 850 bp of the SSU rRNA sequence from all Raabeia-type actinospores available in GenBank. 
Histology
The 28 fi sh with conspicuous humps on the dorsolateral side, just behind the head (Fig. 4) , showed no other clinical signs of infection. Histological examination at low magnifi cation showed the presence, in cross-section, of two bilateral crescent-shaped masses, in the dorsal epaxial muscle (Fig. 5) . These lesions were not circumscribed, presented irregular edges and infi ltrated the underlying bundles of skeletal muscle and interstitial tissue. The muscle fi bres within the masses were strongly altered. At higher magnifi cation, disappearance of muscle fi bres and substitution of the muscle tissue with Myxobolus spores and plasmodia, grouped in pseudocysts, were observed (Fig. 6) . In advanced infections, the muscle cells were necrotic with pycnotic and hypertrophic nuclei, and the tissue was infi ltrated with scattered lymphocytes and macrophages as described by Dyková et al. (2002) . In some cases, at the border of the lesion, the muscular tissue appeared atrophic with hyaline necrosis and slight infl ammation with the presence of lymphocytes and macrophages. Some Ziehl-Neelsen negative granulomatous lesions, of unclear etiology, with necrotic foci were also observed scattered between the muscle fi bres. In other cases, also the dermis was fi lled with parasites at various stages of development as well as lymphocytes and plasma cells. In a few cases, spores at different stages of differentiation were evident within the collagen tissue of the dermis under the scales. Mature spores and melanomacrophages were noticed in contact with the vertebrae, within the loose collagenous tissue next to the blood vessels and spinal nerves. Rodlet cells were detected in the vessel walls. Other groups of mature spores embedded in melanomacrophage centres were found outside the head kidney, adjacent to the vertebrae. No spores were observed in the melanomacrophage centres of parenchymatous organs or in gills, intestine, brain or gall bladder, unlike the fi ndings of Dyková et al. (2002) .
DISCUSSION
Myxobolus lentisuturalis is a little known myxozoan parasite that infects piscine skeletal muscles. It was described for the fi rst time by Dyková et al. (2002) in Prussian carp (Carassius gibelio) from China. These authors gave no information on this myxosporean's extrapiscine development.
The Myxobolus species found in goldfi sh (Carassius auratus auratus), farmed in Italy, is most consistent morphologically and molecularly with M. lentisuturalis described by Dyková et al. (2002) . The myxospores are identical except for some minor morphometric discrepancies; the spores described by Dyková et al. (2002) are bigger in all dimensions. The sequence obtained by the amplifi cation of the SSU rRNA (AY278563.2) showed 99.8% identity with M. lentisuturalis (AY119688), confi rming the previously reported variability of spores collected from different fi sh hosts sharing the genotype but showing differences in the phenotype (Holzer et al. 2004) .
The actinospore stages released by the oligochaete, Branchiura sowerbyi, were phenotypically compatible with Raabeia-type spores described by other authors, but possessed at least one different characteristic. The morphology and morphometry of the Italian Raabeia type are consistent with: Raabeia type 4 of except that the polar capsules of the former are smaller (5.7  4 vs 4.7  2.9); Raabeia described by Eszterbauer et al. (2006) in which, however, the caudal processes are slightly shorter (190 vs 204) ; Raabeia type B-C-D reported by Xiao and Desser (1998) and, in particular, type D which is very similar morphologically except for its longer caudal process (290 vs 204); Raabeia type 3 of Özer et al. (2002) which was larger and showed 100% genetic identity with Myxobolus truttae (Holzer et al. 2004 ) on DNA; and Raabeia type 2 of Oumouna et al. (2002) which has a smaller spore body (18  15 vs 22.1  10.8) and a shorter caudal process (80 vs 204). The morphometry of our Raabeia and that of the Raabeia reported by Yokoyama et al. (1995) is very similar except for the shape of the spore body which is more cylindrical than rounded in the latter. This Raabeia from Japan was collected from B. sowerbyi and has been identifi ed from an experimental infection of goldfi sh as the actinospore stage of Myxobolus cultus (Yokoyama et al. 1995) . In a later study, Eszterbauer et al. (2006) identifi ed similar actinospores at the DNA level and found out their 99.4% similarity with M. cultus (AB121146).
The SSU rRNA sequence of the Raabeia-type actinospores from Italy reveals 100% identity with M. lentisuturalis (AY278563.2) myxospores from goldfi sh farmed in Italy, indicating the involvement of B. sowerbyi in the life cycle of this Myxobolus species. Based on the SSU rRNA sequences, we were able to demonstrate that the life cycle of M. lentisuturalis involves two distinct types of spore stages: Myxobolus myxospores from hump lesions on the dorsolateral side of the head in goldfi sh, and Raabeia actinospores released by the oligochaete Branchiura sowerbyi.
In 2 of the 10 SSU rRNA clones obtained from the actinospore DNA sample, the sequence had 99.7% identical base pairs to that of the Raabeia type identifi ed by Eszterbauer et al. (2006) as the actinosporean stage of M. cultus (AB121146). This suggests that the oligochaete population in the goldfi sh pond was naturally infected with more than one type of actinospore.
The identifi cation of the actinospores should not be based only on morphology, as already suggested by several authors , Hallett et al. 1999 , Kent et al. 2001 , Negredo et al. 2003 , Eszterbauer et al. 2006 , for the possibility of multiple infections in oligochaetes and the similarity of the actinospores of different myxosporeans (as pointed out in the differential diagnosis above). In our survey, the morphology and morphometry of the Raabeia-type spore detected and measured were referable to a single type, identifi ed as the actinosporean stage of M. lentisuturalis and morphologically different from the Raabeia-type spore described by Yokoyama et al. (1995) as the actinosporean stage of M. cultus. This latter type was detected only after cloning the PCR product from a pool of spores from the same worm. This points out the importance of approaching the diagnosis by combining traditional parasitological methods with molecular techniques and, in particular, the advantages of cloning the PCR product and then sequencing rather than obtaining direct sequences from the PCR products.
None of the goldfi sh examined had cysts in their cartilage tissue, the primary site of infection by M. cultus, but the fi nding of the actinospore stage of this myxozoan indicates that this species is present in ponds, despite never been detected in goldfi sh farmed in Italy.
In this study, a natural infection of the oligochaete, Branchiura sowerbyi, by the Raabeia-type actinosporean stage of M. lentisuturalis was detected by molecular analysis, showing that this parasite's life-cycle follows the same pattern as that described for M. cerebralis by Wolf and Markiw (1984) . Although the entire developmental cycle was not followed because no experimental infections were performed, comparison of the SSU rRNA sequence of the myxospore stage from goldfi sh with that of the actinospore stage from B. sowerbyi demonstrates that they are, in fact, the same species. This approach has also been used for linking the life-cycle stages for other freshwater myxozoans (Andree et al. 1997 , Bartholomew et al. 1997 , Lin et al. 1999 , Longshaw et al. 1999 , Pote et al. 2000 .
The goldfi sh examined originate from a farm where no new fi sh have been introduced for several years and where a similar syndrome had not previously been observed. We could only hypothesize the introduction of actinospores by way of water inasmuch as the goldfi sh farm is fed by a channel where wild cyprinids live and into which other fi sh farms discharge.
Further experiments are required in order to complete the life cycle of M. lentisuturalis to demonstrate that Raabeia actinospores transform into M. lentisuturalis myxospores in goldfi sh. However, the current study suggests that these are alternating stages of the same myxozoan species. This species is reported for the fi rst time from goldfi sh and from Italy. In addition, although M. cultus was not found in goldfi sh in our surveys, the identifi cation of the rDNA of this species in actinospores released from oligochaetes provides evidence of its presence in the Italian farm surveyed.
